INTRODUCTION
Generation of high pressures and temperatures in the laboratory is essential in exploring the behavior of solids and liquids at the pressure and temperature conditions of the Earth's interior. Indeed, the primary insights into magma genesis, phase transitions and the equations of state of deep Earth constituents, as well as the geochemical behavior of materials at depth in the planet have been derived from experiments involving static compression. In this chapter, the emphasis is on static-compression measurements of the equations of state of minerals, elements and related materials. To date, the vast majority of static compression experiments have focused on measuring isothermal equations of state (P-V measurements at constant temperature), in order to determine the isothermal bulk modulus (Km = -l/v(dp/dv)T) and its pressure derivative (dKoT/dP = KOT') as well as characterizing the pressure conditions of structural phase transitions. With the bulk modulus and its pressure derivative, it is possible to extrapolate the density of a material to any pressure condition. Here, I tabulate bulk moduli data for a variety of minerals and related materials.
EXPERIMENTAL TECHNIQUES
There are a number of different experimental techniques and apparatuses for achieving high pressures statically, or E. Knittle, University of California, Santa CNZ, Institute of Tectonics, Mineral Physics Laboratory, Santa CNZ, CA 95064
Mineral Physics and Crystallography A Handbook of Physical Constants AGU Reference Shelf 2 pressures maintainable for long periods of time. The bulk moduli data have been collected using primarily either x-ray diffraction or piston displacement in conjunction with a high-pressure apparatus to measure the change in volume of a material as a function of pressure. In general, high pressure apparatuses are optimized for either: 1) allowing optical access to the sample while held at high pressures (diamond-anvil cells); or 2) maintaining large sample volumes (large-volume presses). The Mao-Bell-type diamond cell capable of generating pressures up to 550 GPa. The diamonds are glued onto half-cylinders of tungsten carbide which are mounted in a piston and cylinder made of hardened tool steel (shown here in a cutaway view at the top). The diamonds can be translationally aligned by means of set screws and tilted with respect to each other by rocking the WC halfcylinders. The piston and cylinder are placed in a lever arm assembly (bottom) designed to advance the piston within the cylinder, apply force uniformly to the sample held between the diamonds, and exert a minimum amount of torque on the piston.
A schematic diagram of the geometry of an x-ray diffraction experiment in shown in Figure 3 . Usually, MoKa x-rays are passed through the diamonds and sample along the axis of force of the diamond cell. X-ray diffraction from a crystal occurs when the Bragg equation is Satisfied:
A= 2dsintI
(1)
where A is the wavelength of the incoming x-ray, 28 is the angle between the diffracted x-ray beam and the transmitted beam, and d is the d-spacing or the distance between the diffracting set of atomic planes in the crystal. The diffracted x-rays, either Laue spots for single crystal samples or diffracted cones of radiation for powdered samples, are detected by a solid state detector or on film. The set of dspacings for a crystal is used to determine the lattice parameters and thus the volume of the crystallographic unit cell as a function of pressure. The relationship between dspacings and lattice parameters for the various lattice symmetries are given in most standard texts on x-ray diffraction [e.g., 361. Pressure in the diamond cell is usually measured using the ruby fluorescence technique [20, 128, 1291 . Here, the RI and R2 fluorescence bands of ruby, at zero-pressure wavelengths of 694.24 nm and 692.92 nm, are excited with blue or green laser light (typically He:Cd or Ar-ion lasers are used). These fluorescence bands have a strong wavelength shift as a function of pressure. This shift has been calibrated using simultaneous x-ray diffraction measurements on metals whose equations of state (pressurevolume relation) are independently known from shock-wave measurements (see Chapter on Shock-wave Measurements). Therefore, the accuracy of the pressure measured in the diamond cell is ultimately determined by the accuracy of measurements of shock-wave equations of state. In addition to average pressure measurements, ruby can be finely dispersed in the sample (fluorescence measurements can be obtained for ruby grains less than 1 pm in diameter), thus enabling pressure gradients to be accurately determined within diamond cell samples.
Because diamonds are transparent and allow optical access to the sample, other methods for measuring equations of state are possible. For example, the changes in the volume of the sample chamber as a function of pressure can be directly measured [cf., 1393, or changes in the sample dimensions with pressure may be directly measured [cf., 1431. Additionally, accurate adiabatic moduli and their derivatives may be obtained using Brillouin spectroscopy in conjunction with the diamond cell (see the chapter on Elasticity). This device can be used to generate pressures of -30 GPa. The single-crystal diamonds are glued on flat, circular backing plates typically made of hardened steel, tungsten carbide or copper-beryllium alloy. Holes or slits in the backing plates provide optical access to the sample, which is contained between the diamonds in a metal gasket. The backing plates are held in place in recesses in larger steel or inconel plates by means of set screws, and also allow the diamonds to be translationally aligned relative to one another. Alignment pins ensure that the the top and bottom halves of the cell are correctly oriented. Pressure is applied by sequentially turning the three bolts which compress the top and bottom plates together.
Large-Volume Presses
Equation of state measurements have also been carried out using a variety of large-volume, high-pressure apparatuses: piston-cylinder devices, Bridgman-anvil presses, Drickamer presses, cubic and tetrahedral-anvil presses and multianvil presses (Figure 4 ). For recent reviews of the design and use of large-volume presses see Graham [59] and Holloway and Wood [85] .
One of the most widely used high-pressure, large-volume devices for equation of state measurements is the pistoncylinder (Figure 4a ), where the pressure is applied uniaxially by a piston on a sample embedded in a pressure medium and contained by the cylinder. As the sample is compressed its volume decreases, and by careful measurement of the resulting piston displacement as a function of pressure, the P-V equation of state can be determined. The routine pressure limit of the pistoncylinder at room temperature is between about 3 and 5 GPa.
Other types of high-pressure, large-volume devices utilizing opposed anvils for equation of state measurements are Bridgman anvils and the Drickamer press. In these devices, two tungsten carbide anvils are driven together to uniaxially compress a sample contained within a large retaining ring which acts as a gasket. If all or a portion of the retaining ring is made of a material transparent to x-rays (such as B or Be), diffraction measurements can be made on a sample held at high pressures. The pressure limit of the Bridgman-anvil press is about lo-12 GPa at room temperature, and the limit of the Drickamer press is about 30-35 GPa.
A second family of large-volume apparatuses is the multi-anvil press. Rather than uniaxially compressing the sample, these devices compress simultaneously from several directions. Such instruments are more difficult to use than a piston-cylinder, as the anvils must be carefully aligned and synchronized to compress the sample uniformly and thus prevent failure of the anvils; however, much higher pressures can be attained in multi-anvil devices. A number of designs exist for multi-anvil presses of which the ones most commonly used for equation of state measurements are the tetrahedral-anvil and cubic-anvil presses (Figure 4b) , and multiple-stage systems.
In tetrahedral and cubic-anvil presses, as their names imply, the samples are typically contained within either a tetrahedron or a cube composed of oxides, with the sample occupying a cylindrical cavity inside the cube or tetrahedron. The sample assembly, which varies in complexity depending on the experiment, is compressed by four hydraulic rams in the case of the tetrahedral press, or six hydraulic rams for the cubic press. As illustrated in Figure 4c for a cubic-anvil press, in-situ x-ray diffraction measurements can be made through these presses if the sample is contained in an x-ray-transparent material. Equation of state measurements have typically been made to pressures of about 12 GPa in the cubic-anvil press. To achieve higher pressures, the sample assembly in a cubicanvil press can be replaced by a second, pressureintensifying stage. Such a multi-anvil design can reach typical pressures of about 25 GPa. The pressure inside a large-volume device is determined either by including an internal stress monitor within the sample, or by calibration of the external load on the sample. In the latter case, which represents the most common method for estimating the pressure in all largevolume devices, the oil pressure of the press is calibrated against a series of materials or fixed points, with wellcharacterized phase transformations, such as those occuring in Bi (the I-II transition at 2.5 GPa and V-VI transition at 7.7 GPa). Specific disadvantages of x-ray diffraction measurements in large volume presses include: 1) indirect pressure calibration; 2) an inability to accurately characterize pressure gradients; and 3) the small volume of the sample relative to the containing material, which necessitates both careful experimental design and a high intensity x-ray source. Furthermore, the diffraction angles available through the apparatus may be limited, producing few redundancies in the measurement of lattice parameters.
ANALYSIS OF THE DATA
To determine the values of Km and Km from pressurevolume data, an equation of state formalism must be used. Here, I summarize the most common methods for data reduction. A linear fit to pressure-volume data is often used for static compression data limited to low pressures (small compressions). The bulk modulus is calculated from the thermodynamic definition: KOT = -l/V(dP/dV)T, where KOT is the isothermal bulk modulus, V is the volume and P is the pressure. This analysis implies that KOT' = 0, and thus is at best approximate, and is most appropriate for rigid materials over narmw pressure ranges (preferably less than 5 GPa). In general, because KOT' is usually positive, this analysis method will tend to overestimate Km. Note that Km = 4 reduces equation (3) to a second order equation in strain. Indeed, KOT' is close to 4 for many materials, and in the reduction of pressure-volume data, is often assumed to equal 4. In addition, minerals are seldom compressible enough for KOT" to be significant; therefore, the x2 term is usually dropped from the equation. Recently, another equation of state formalism has been proposed by Vinet et al. [205] and is known as the Universal equation of state. Here:
This equation is successful in describing the equation of state of a material at extremely high compressions and is being used with increasing frequency in static compression studies.
EXPLANATION OF THE TABLE
The The maximum distance between the corresponding x-ray line on either side of the transmitted xray beam is 40, which is used in the Bragg equation to determine the set of d-spacings of the crystal at each pressure. mineral or native element. Oxides, sulfides, halides and hydrides were included which are useful as mineral analogues, either due to structural similarities to minerals, or to provide the systematics of the behavior of a given structural type. Specifically not included are data for nonmineral III-V compounds and other non-naturally occurring semiconductors. All the KOT and KOT' data listed are for the structure of the common room-temperature, atmospheric-pressure phase, except where noted. In particular, the structures of the high pressure phases are explicitly given, as are the specific structure for solids with more than one polymorph at ambient conditions. It should be noted that entries with no errors simply reflect that error bars were not reported in the original references.
The Forming Minerals [38] . The data for high-pressure phases are given in the same category as for the low-pressure phase. For example, the bulk moduli for perovskitestructured silicates are given with the data for the pyroxenes, which have the same stoichiometry, under the "Chain Silicates" category. The data for the iron polymorphs and iron alloys which are important as possible core constituents are listed in a separate category ("Iron and Iron Alloys"). Therefore, iron sulfides, Fet-,O, iron hydride, and iron-silicon, iron-nickel and iron-cobalt alloys are found in this portion of the Table, while more oxidized iron minerals such as hematite Fig. 46 A cubic-anvil press in which six, synchronized rams are used to compress a cubic sample. The rams are usually made of steel with tungsten carbide or sintered diamond tips. The sample geometries can vary from relatively simple, with the sample assembly embedded in a cube of pressure medium which is directly compressed by the rams, to a sample contained in a second, cubic, pressure-intensifying set of anvils (a multi-anvil press). Electrical leads can be brought in between the rams of the press to heat the sample, monitor temperature and pressure, and measure pressure-induced changes in electrical conductivity. In addition, by using a low-atomic weight pressure medium such as B or Be, x-ray diffraction measurements can be obtained on samples held at high pressures. (From [215] ).
(Fez@) and magnetite (Fe304) are listed with the oxides.
Also, measurements are not given which clearly seemed to be incorrect, based on comparison with other static compression measurements, ultrasonic data or Brillouin spectroscopic results. Finally, I note that a range of materials have been statically compressed with the primary motivation being to characterize the pressure at which phase transitions occur. Such studies often do not report either bulk moduli or the numerical static compression data, and are accordingly not included in the Table ( an example of this type of study are several static compression rest&s for Ge). 
